The effects of irradiating blue, UV-A, UV-B and a combination of the lights on anthocyanin accumulation at different hypocotyl positions were investigated in seedlings of the purple top turnip 'Tsuda'. The location of anthocyanin accumulation varied depending on different light spectra. Stronger accumulation of anthocyanin was induced (i) at the upper hypocotyl positions by blue light; (ii) mainly at the upper position, but also at the middle position by UV-B light; and (iii) at the upper to lower position by UV-A light. There were synergistic effects between blue and UV-B, while such effects were not observed for the other light combinations. Among the six chalcone synthase (CHS) genes identified in the 'Tsuda' turnip, BrCHS1, 4 and 5 exhibited light-dependent expression patterns, while the other three showed no apparent light responses. The expression of BrCHS1, 4 and 5 was increased particularly by UV-A and blue + UV-B irradiation at the middle to lower hypocotyl positions, in accordance with anthocyanin accumulation patterns. The highest induction of gene expression was observed for BrCHS4 upon blue + UV-B co-irradiation. In contrast, CHS expression was induced only slightly at higher hypocotyl positions by blue light. The R2R3-type MYB transcription factor genes PAP1, MYB4, MYB12 and MYB111 exhibited differential expression patterns at different hypocotyl positions; these patterns were unique for different light spectra. These unique anthocyanin accumulation patterns and gene expression profiles depending on hypocotyl positions and light sources demonstrate that there is a distinct UV-A response, blue + UV-B synergistic response and blue/UV-A light response for anthocyanin biosynthesis in turnip. UV-A light-dependent anthocyanin biosynthesis appeared to be regulated in a manner that is distinct from that mediated by cryptochromes and UV-B photoreceptors.
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Introduction
Light signals provide important environmental information for plants. In response to light signals, plants adopt various advantageous morphologies to adapt to the surrounding environment. Such photomorphogenesis includes de-etiolation, flowering, photogravitropism, phototropism, stomata opening and anthocyanin production. Anthocyanin production is the typical plant response to environmental stress (Scott 1999) . The induction of anthocyanin production by visible light was extensively studied in the 1960s in purple top turnip seedlings. These studies revealed the following: (i) anthocyanin induction upon exposure to monochromatic wavelengths of far-red, red and blue light; (ii) synergistic anthocyanin induction upon exposure to combinations of far-red + red and blue + red light (Grill 1965 , Grill and Vince 1965 , Grill and Vince 1966 , Grill and Vince 1969 , Grill and Vince 1970 ; and (iii) a red/far-red light reversible response (Grill 1965 , Grill and Vince 1965 , Grill and Vince 1966 , Grill 1969 .
Previous studies have demonstrated that anthocyanin production can be induced by exposure to ultraviolet (UV) light. UV rays are divided into three categories according to their wavelengths: UV-A (320-400 nm), UV-B (280-320 nm) and UV-C (<280 nm). Short wavelength (high-energy) UV light can physically damage DNA, RNA and proteins (Britt et al. 1993 , Jansen et al. 1998 , Gerhardt et al. 1999 , while UV rays at low fluence rates were found to induce morphological changes, flavonoid production (Boccalandro et al. 2001 , Eisinger et al. 2003 , Suesslin and Frohnmeyer 2003 and the expression of defense-related genes (Chappell and Hahbrock 1984) . Anthocyanin accumulation was reported to be accelerated by UV-B light at low fluence rates in tomatoes (Brandt et al. 1995) , maize (Piazza et al. 2002) and Arabidopsis (Suesslin and Frohnmeyer 2003) .
The first step of photomorphogenesis is light perception by photoreceptors. At present, red/far-red photoreceptors (phytochromes), blue/UV-A photoreceptors including cryptochromes and phototropin (Butler et al. 1959 , Ahmad and Cashmore 1993 , Huala et al. 1997 , and UV-B photoreceptors (Suesslin and Frohnmeyer 2003 , Ulm et al. 2004 , Rizzini et al. 2011 have been isolated from higher plants. However, there are other responses that cannot be attributed to these photoreceptors. Studies of anthocyanin accumulation responses in phyA, phyB and cry mutants of Arabidopsis demonstrate that, in addition to phytochromes and cryptochromes, other distinct UV-A photoreceptors and blue photoreceptors seem to be involved in a synergistic response with UV-B light .
Light-dependent regulation of chalcone synthase (CHS), a key structural gene of the anthocyanin biosynthesis pathway, has been previously characterized. In parsley and mustard, for example, red, far-red, blue and UV light were shown to enhance CHS expression (Bruns et al. 1986 , Batschauer et al. 1991 . In Arabidopsis, light-dependent regulation of CHS by cryptochromes and distinct UV-B pathways has been characterized (Fuglevand et al. 1996 . We previously found that the swollen hypocotyls of the turnip 'Tsuda', a purple top cultivar, accumulate anthocyanins upon exposure to UV-A light but fail to accumulate anthocyanins after exposure to blue and UV-B light, concomitantly with similar CHS expression patterns (Zhou et al. 2007 ). These results suggest the presence of a distinct UV-A photoreceptor. We conducted similar experiments using the hypocotyls of the 'Tsuda' turnip and found that the upper hypocotyl position accumulates anthocyanins in response to several wavelengths of light, including blue, as was previously reported for purple top turnips, but the lower hypocotyl position responded only to UV-A light. The aim of this study was to examine whether there are UV-A-specific responses of anthocyanin biosynthesis. Concomitantly, we analyzed the regulation of CHS isoforms and MYB transcription factors in response to different light sources in turnips.
Results

Anthocyanin accumulation in hypocotyls
Anthocyanin accumulation in response to different light spectra was investigated at different hypocotyl positions (Fig. 1) in purple turnip 'Tsuda'. When seedlings were exposed to blue or UV-B light, anthocyanin mainly accumulated at the upper to middle hypocotyl positions (Fig. 2) . The response to UV-B light was similar to the response to blue light except that anthocyanin also accumulated at the middle to lower hypocotyl positions. However, higher anthocyanin accumulation was observed at the middle to lower positions for UV-A. When the seedlings were irradiated with blue and UV-B light simultaneously, anthocyanin accumulation was significantly enhanced compared with the cumulative anthocyanin accumulation following irradiation with blue or UV-B light separately, indicating the presence of synergistic effects between blue and UV-B light irradiation. Such synergistic effects were not observed for blue and UV-A co-irradiation, and for UV-A and UV-B co-irradiation.
The expression of CHS genes at different positions in turnip hypocotyls
In most plant species, CHS comprises a family consisting of several members. From 'Tsuda' turnip, we identified six CHS genes, designated as BrCHS1-BrCHS6 ( Supplementary Fig.  S1 ). Phylogenetic analysis of the CHS genes showed that BrCHS1, 4 and 5 were grouped within a cluster to which lightresponsive CHS genes of other species, such as mustard CHS, maize C2 and Arabidopsis thaliana TT4, belong. Among these three BrCHS genes, the sequences of BrCHS1 and BrCHS5 were closer to each than to that of BrCHS4. The other three CHS genes, BrCHS2, 3 and 6, were grouped into another cluster which do not include reported light-responsive CHS genes ( Supplementary Fig. S2 ). The enzymatic assay of BrCHS1, 4 and 5 using recombinant CHS proteins confirmed that all of these three CHSs are active forms (data not shown).
The transcript levels of these six CHS genes were analyzed in cotyledons and hypocotyls irradiated with UV-A light, blue light and blue + UV-B light, and in darkness (Fig. 3) . In the dark, no expression was detected for any of the CHS genes. Under UV-A light irradiation, BrCHS1, 4 and 5 exhibited the highest expression levels at the middle to lower hypocotyl positions. This pattern resembled the anthocyanin accumulation pattern under UV-A light irradiation. BrCHS4 expression was drastically stimulated by co-irradiation with blue and UV-B light. The expression of these CHS genes was very low under blue light irradiation. Slightly higher expression was observed at the upper hypocotyl position after irradiation with blue and UV-A light for BrCHS3 and BrCHS6. Overall, the expression levels of BrCHS2, 3 and 6 were much lower than those of BrCHS1, 4 and 5. 
Time-course expression profiling of BrCHS5 and BrDFR
BrCHS5 expression began to increase 3 h after the initiation of irradiation for all light sources, reached a peak after 12 h and declined to very low levels after 24 h. The increase was more pronounced at the H3 hypocotyl position with UV-A or blue + UV-B light. BrDFR (dihydroflavonol 4-reductase) expression also showed a similar increase for 12 h followed by a decrease. Unlike BrCHS5, however, UV-A-and blue + UV-Bspecific induction at hypocotyl position H3 was not observed for BrDFR (Fig. 4) .
Dose dependence of the expression of BrCHS5 to UV-A
The dose dependence of the expression of BrCHS5 was investigated using UV-A light sources filtered with glass or filtered with glass and a visible light cut-off filter (U340). Expression of BrCHS5 increased as light intensity increased for both light sources (Fig. 5) . The response was much higher at lower hypocotyl positions (H3) than at higher hypocotyl positions (H1).
Expression of ROS-related genes in response to UV-A and blue + UV-B
Expression of the reactive oxygen species (ROS)-related genes, CAT2 (catalase 2), PR1 (pathogenesis-related 1) and CSD2 (Cu/Zn superoxide dismutase 2), exhibited a light-dependent increase with UV-A and blue + UV-B. In contrast to BrCHS1, 4 and 5, no difference in the expression level was observed between different hypocotyl positions for UV-A irradiation (Fig. 6 ).
Expression levels of R2R3MYB, bHLH and WD40 genes
The transcript levels of six MYBs, two basic helix-loophelix (bHLH) proteins and one WD40 were analyzed in cotyledons and hypocotyls irradiated with UV-A light, blue light and blue + UV-B light, and in darkness. PAP1 expression was induced by blue, UV-A, and blue + UV-B light irradiation at the upper hypocotyl positions and in the cotyledons, and it was enhanced at the lower hypocotyl positions only by UV-A light (Fig. 7) . MYB expression in the cotyledon was detected only for PAP1. Blue + UV-B light enhanced the expression levels of MYB12 and MYB111 and reduced the expression level of MYB4. UV-A light irradiation enhanced the expression level of MYB12 at the middle to lower hypocotyl positions, but an elevation of MYB111 expression was not found. Light-dependent regulation of other transcription factors, tt8 (bHLH), egl3 (bHLH) and ttg1 (WD40), was not observed.
Discussion
Light-dependent anthocyanin accumulation in plants has been examined in many studies. At present, it is generally recognized that UV light plays a key role in activating the genes responsible for anthocyanin biosynthesis. However, depending on the study aims and interests, study conditions have varied with regard to the intensity and spectra of light sources as well as the duration of irradiation. Many studies aimed to characterize plant responses to the potential elevation of UV-B light radiation from the depleted ozone layer and thus focused solely on the effects of UV-B light irradiation. However, the effect of UV-A light irradiation is of greater concern for growers of horticultural crops, which often experience serious fading of red to purple-colored flowers and fruits when the crops are grown in greenhouses covered with UV-A-absorbing plastic films. Anthocyanins not only improve crop colors but also have valuable nutritional antioxidant activities. In contrast to the progress in our understanding of UV-B-dependent photomorphogenesis, our knowledge about the mechanisms of UV-A-dependent anthocyanin biosynthesis is extremely limited. Such information would be useful for developing strategies to avoid crop fading through improvements in growing and breeding conditions.
The sunlight on clear days in the summer contains approximately 50 W m À2 UV-A light and 2 W m À2 UV-B light in Tokyo, but the intensity fluctuates depending on the weather, climate, season, time of day and latitude. Brief exposure to UV-B light at low fluence rates can effectively induce anthocyanin biosynthesis. The inductive fluence rate of the UV-B response is typically <1 mmol m À2 s À1 or 0.4 W m À2 . In addition to UV light, visible light also induces anthocyanin production. In Arabidopsis Fig. 5 Light intensity-dependent increase in the transcript levels of BrCHS5 in response to UV-A in different hypocotyl positions (H1 or H3) of turnip 'Tsuda' seedlings. Seedlings were grown in the dark until they reached a height of approximately 4 cm and then they were exposed to UV-A (320-380 nm) filtered through a soda-lime glass plate and a visible light-absorbing filter (U340) for 12 h. Plots indicate means of three biological replications with two technical replications. One biological replication consisted of more than five independent seedlings. Fig. 6 Relative transcript levels of ROS-related genes, CAT2, PR1 and CSD2, in response to UV-A and blue + UV-B irradiation in different parts of the hypocotyls (H1-H5) of turnip 'Tsuda' seedlings. Seedlings were grown in the dark until they reached a height of approximately 4 cm and then they were exposed to blue (10 W m À2 ), UV-A (320-400 nm, 3.0 W m À2 ) or blue + UV-A light from both sides of the seedlings for 6 h. Plots indicate means of three biological replications with two technical replications. One biological replication consisted of more than five independent seedlings. seedlings, blue light at 2.5 W m À2 (Yang et al. 2000) , 7.6 W m À2 (Ahmad et al. 1995) and 15.3 W m À2 (Chen et al. 2006 ) induced anthocyanin production. In this experiment, we tested the effect of light at intensities of 10 W m À2 for blue light, 3.0 W m À2 for UV-A light and 0.3 W m À2 for UV-B light, and found that all of these intensities could stimulate anthocyanin production.
In our previous experiment in the 'Tsuda' turnip, the epidermal tissue of the swollen hypocotyls exhibited anthocyanin accumulation upon exposure to a UV-A fluorescent lamp containing weak UV-B light but not to blue, red, far-red or UV-B light (Zhou et al. 2007 ). This result suggested that the response was specific to UV-A light, but it should also be taken into account that anthocyanin production is often dependent on the fluence rate. If a certain wavelength of light fails to induce anthocyanin production, it is still possible that the intensity of the irradiated light was slightly below the threshold. Thus, a quantitative comparison would be insufficient to evaluate the presence or absence of the characteristic response to a certain light spectrum. In our experiment, we were able to differentiate the responses to different light spectra and characterize the nature of these light perception responses by observing the exposed light spectrum-dependent asymmetrical anthocyanin accumulation patterns.
Blue light response
When the seedlings of turnips were exposed to blue light, the upper hypocotyl positions noticeably accumulated anthocyanin, while the lower positions showed minimum responses. Blue light-induced anthocyanin accumulation has been observed in previous studies in the seedlings of turnips and cabbages (Siegelman et al. 1957 , Mancinelli et al. 1975 ) and in the young leaves of A. thaliana grown in an environment with weak light (Ahmad et al. 1995) . The perception of blue light in these responses seems to be mediated by cryptochromes, as the response was suppressed in cryptochrome-defective mutants of Arabidopsis (Ahmad et al. 1995) and tomato (unpublished data). Despite the strong accumulation of anthocyanins by blue light at higher hypocotyl positions, the induction of CHS expression was very low. One possible explanation is that there are CHS genes other than BrCHS1-BrCHS6 that can be induced by blue light. Another possible explanation is that the duration required for the induction of gene expression is different among light qualities. The expression of CHS as well as another anthocyanin biosynthesis gene, DFR, exhibited diurnal oscillation-like changes after the initiation of light exposure (Fig. 4) . CHS expression is known to be regulated by the circadian clock, and the rhythm is reset by the onset of light in Arabidopsis (Thain et al. 2002) .
Whereas the anthocyanin content was measured 24 h after a 24 h exposure to light, CHS expression was analyzed after 6 h. In an Arabidopsis suspension culture, although CHS expression was only slightly induced after a 1 h irradiation with UV-A/blue light, strong induction was observed for UV-B light after 15 min ). When maize seedlings were irradiated with UV-A light (350-400 nm) or UV-B light (280-320 nm) for 24, 48 or 72 h, CHS expression reached a peak at 48 h and then declined under UV-A light, while it increased continuously for 72 h under UV-B light (Piazza et al. 2002) .
UV-A light response
Many reports have described the induction of anthocyanin biosynthesis by UV-A fluorescent lamps with peaks at 350-370 nm. For example, Hirner and Seitz (2000) observed UV-A-dependent accumulation of anthocyanins in carrot suspension cultures. However, it was unclear whether the response was distinct from the response mediated by cryptochromes, which act as a photoreceptor for both blue and UV-A lights. Therefore, the observed anthocyanin accumulation by UV-A light should be at least partially mediated by cryptochromes.
We observed that different hypocotyl positions responded differently to different light spectra. While the blue light responses were high at the upper hypocotyl positions, the middle to lower hypocotyl positions responded less strongly to blue light but more extensively to UV-A light. In addition, the transcript levels of BrCHS1, 4 and 5 were up-regulated after UV-A light irradiation at the lower hypocotyl positions, where anthocyanin accumulated, while blue light did not show any apparent induction of the expression of all investigated CHS genes.
UV-B light response
Irradiation with UV-B light also induced anthocyanin accumulation in turnip seedlings, especially at the higher hypocotyl positions, and the response was pronounced by blue co-irradiation. Hypocotyls accumulated substantially more anthocyanins, as compared with the arithmetic sum of anthocyanin content following blue or UV-B light irradiation, implying the presence of a synergistic effect between blue and UV-B lights. The UV-B-dependent response was different from a UV-A-dependent response regarding anthocyanin accumulation patterns, as well as CHS and MYB expression profiles. In particular, the stimulation of BrCHS4 expression was extremely high in response to blue + UV-B light, and blue + UV-B light stimulated the expression of BrCHS1, 4 and 5 at higher hypocotyl positions.
The synergistic effects between blue and UV-B light in CHS expression were found to be independent of cry1cry2 double mutation in Arabidopsis . Wade et al. (2001) proposed the involvement of an unknown blue light photoreceptor in this response. In our experiment, synergistic effects were observed between blue and UV-B light but not between UV-A and UV-B light. If a cryptochrome is involved in this synergistic effect, a similar synergistic effect should be observed for UV-A light. It is more likely that a distinct blue light receptor is involved in the blue/UV-B synergistic response.
Involvement of ROS in UV-induced anthocyanin accumulation
UV light is known to induce not only the production of UV-absorbing pigments such as flavonoids, but also the expression of defense-related genes or pathogenesis-related (PR) genes (Chappell and Hahbrock 1984) . ROS have been shown to serve as messengers in the UV induction of such genes (Green and Fluhr 1995) . Therefore, the observed stimulation of anthocyanin biosynthesis by UV may be triggered by ROS or mediated by other defense-related mechanisms. To see whether UV-induced anthocyanin production comprises a part of such defense mechanisms rather than photoreceptormediated signal transduction, the expression of some ROS-related genes was analyzed. The results showed that expression of CAT1, PR1 and CSD2 was increased by UV-A as well as blue + UV-B at higher and middle hypocotyl positions. However, in contrast to anthocyanin accumulation, the induction was not different at different hypocotyl positions. Moreover, the stimulation was much stronger for CHS genes and related MYB genes. Regarding these differences, the observed UV-induced anthocyanin biosynthesis is unlikely to be mediated by ROS.
Differential expression of MYB transcription factors correlates with anthocyanin biosynthesis
To determine the involvement of transcription factors in light spectrum-dependent anthocyanin biosynthesis in turnip hypocotyls, we analyzed the transcription levels of several homologous MYB genes. In Arabidopsis, R2R3-MYBs have been reported to be differentially modulated by light spectra (Cominelli et al. 2008) , and closely related R2R3-MYBs were found to control flavonol accumulation in different parts of the seedlings (Stracke et al. 2007 ). R2R3-MYB constitutes a large gene family in plants (Kranz et al. 1998 , Romero et al. 1998 , Jin and Martin 1999 , Strache et al. 2001 . We observed that the transcript levels of some MYBs were dependent on combinations of light spectra and the hypocotyl location, indicating the critical roles that MYBs play in the light spectrum-and location-dependent transduction of light signals.
One of the best characterized R2R3-MYBs that are involved in the control of flavonoid biosynthesis is PAP1, which belongs to subgroup 6, designated by Kranz et al. (1998) . PAP1 homologs reported so far include MdMYB1 (Takos et al. 2006) and MdMYBA (Ban et al. 2007) , identified from apples with red-colored skin, MdMYB10 from apples with red-colored flesh (Espley et al. 2007 ), VvMYBA1 and VvMYBA2 from grapes (Downey et al. 2004 , Jeong et al. 2004 ) and LeANT1 from tomatoes (Mathews et al. 2003 , Sapir et al. 2008 . In this study, the PAP1 transcript level was elevated in good correspondence with anthocyanin levels. It increased at the upper hypocotyl positions upon exposure to blue, UV-A and blue + UV-B light, while the lower positions responded only to UV-A light. The results suggest that PAP1 plays a key role in the regulation of anthocyanin production.
Among other transcription factors analyzed, the expression of MYB4, BrMYB12 and BrMYB111 was enhanced at the lower hypocotyl position, especially by UV-A. Overall, the expression pattern of BrMYB4, BrMYB12 and BrMYB111 corresponded well to the UV-A-dependent anthocyanin accumulation and CHS expression. BrMYB12 and BrMYB111 comprise a distinct R2R3-MYB subgroup (subgroup 7). Ferreyra et al. (2010) reported that UV-B-mediated flavonol biosynthesis is under the control of a subgroup 7 R2R3-MYB, P1 (Dias et al. 2003 , Wang et al. 2010 . Stracke et al. (2007) reported clearly different spatial flavonol accumulation patterns for myb12 and myb111 seedlings; the myb12 mutant displayed drastically reduced flavonol levels in the hypocotyl-root transition zone, while the myb111 mutant displayed drastically reduced flavonol levels in the entire hypocotyl. Unlike the observed response of BrMYB4 expression to UV-A light, BrMYB4 level was very low in hypocotyls exposed to blue + UV-B. AtMYB4 was found to be down-regulated by exposure to UV-B light (Jin et al. 2000) . Down-regulation of AtMYB4 by exposure to UV-B light brought about the depression of the cinnamate 4-hydroxylase gene, and this may thereby increase the synthesis of UV-B-protecting sinapate esters.
Conclusion
The irradiation with different light combinations was shown to induce anthocyanin accumulation at different hypocotyl positions. Based on the observations in this study, four types of distinct light regulation of anthocyanin biosynthesis could be identified: (i) a blue/UV-A light response mediated by cryptochromes; (ii) a UV-A-specific response that is not mediated by blue/UV-A photoreceptors or UV-B photoreceptors; (iii) UV-B-specific responses; and (iv) synergistic responses to blue + UV-B light. Differential light regulation of anthocyanin biosynthesis suggests that the hypocotyl is not composed of a uniform organ, but consisted of differently characterized tissues. Several weeks after germination, the middle to lower part of the hypocotyl of turnip initiates a rapid swelling. Within Brassicaceae vegetables, different positions around the hypocotyls, from the upper part of the root to the lower part of the stem, show swelling, forming a taproot-like organs depending on the varieties. These organs of some varieties are originated from roots and hypocotyl parts; some are from hypocotyls and stems. Such a different feature of the swelling part of Brassicaceae vegetables also suggests non-uniform hypocotyl structures.
Materials and Methods
Plant materials
Seeds of the turnip Brassica rapa subsp. rapa 'Tsuda' were sown in a row on wet filter paper. To diminish the fluorescence from the filter paper upon UV irradiation, the filter paper was covered with aluminum foil with a slit of 1-2 mm in width, allowing seedlings to emerge through the slits. These seedlings were grown in the dark at 25 C until their height reached approximately 4 cm.
Light treatments
The seedlings were irradiated with the following wavelengths of light on opposite sides of the hypocotyls: In an additional experiment to determine the dose dependence of the response to UV-A, the light source was filtered through a visible light-absorbing filter (U340, Hoya Candeo Optronics; Supplementary Fig. S3 ) as well as through the soda-lime glass plate. The setting of the lights and seedlings was carried out under weak green light. After irradiation for 24 h, seedlings were returned to darkness and collected after 24 h. The collected seedlings were trimmed of roots and then divided into cotyledons and five sections of hypocotyls of equal length, designated as H1-H5 (Fig. 1) .
Anthocyanin measurements
The collected samples were incubated in 1 ml of 1% HCl-methanol at 4 C for 24 h. The anthocyanin content was determined by absorbance at 535 nm. One replicate consisted of five seedlings, and five or six replicates were prepared for each light treatment for anthocyanin analysis.
Isolation of turnip CHS genes
Six CHS genes were identified in the turnip, CHS1-CHS6. Three (CHS1, 4 and 5) were isolated by PCR amplification of cDNA using degenerate primers designed for conserved regions of CHS, while the other three (CHS2, 3 and 6) were isolated by PCR amplification of genomic DNA using primers that were designed based on the CHS genes registered in the Brassica rapa (Chinese cabbage) database. The cDNA of CHS2, 3 and 6 could not be isolated from 'Tsuda' hypocotyls irradiated with blue LEDs and UV-A fluorescent lamps. Partial sequences of these CHS genes are registered in GenBank (Table 1) .
Real-time PCR
The transcript levels of six CHS genes, MYB family genes, bHLH and WD40 were analyzed using real-time PCR. Total RNA was isolated from the samples using Trizol (Invitrogen), and the concentration was adjusted to 1 mg ml
À1
. The cDNA was reverse-transcribed with random primers using the MultiScribe reverse transcriptase (Applied Biosystems, USA) at 37 C for 120 min. Quantitative real-time PCR (RT-PCR) assays for each gene target per tissue were performed in triplicate on cDNA samples or no reverse transcriptase control samples. Quantitative real-time PCR was carried out on an ABI 7500 real-time system (Applied Biosystems) with the Power SYBR Green PCR Master Mix or the TaqMan Gene Expression Master Mix (Applied Biosystems, USA). The PCR thermal cycling parameters were 50 C for 2 min, 95 C or 10 min followed by 40 cycles of 95 C for 15 s and 60 C for 1 min. The comparative CT (ÁÁC T ) method was used to calculate the relative amounts of the transcripts. Actin gene expression was chosen as an internal control, and the uppermost hypocotyl section (H1) in the dark control was chosen for calibration. Because the sequences of CHS1, 4 and 5 were very similar, their transcript levels were quantified using TaqMan probes. The other three (CHS2, 3 and 6), as well as the MYB family, bHLH and WD40 genes, were quantified using the SYBR Green method. The DNA sequences of PCR primers and TaqMan probes are listed in Table 1 . The mean values were calculated from three biological replications, each of which consisted of two or three independent amplification reactions using the same samples (technical replications).
Enzyme assay of CHS
The cDNAs of BrCHS1, 4 and 5 were subcloned into pET-14b (Novagen) in-frame. The recombinant enzyme with an additional hexahistidine tag at the N-terminus was expressed in Escherichia coli, and purified using the Mag Extracter-His tag kit (Toyobo). The enzyme assay was performed according to Okada et al. (2004) using p-coumaroyl-CoA (Sigma) malonyl-CoA as substrate. The purified proteins and the substrates were incubated overnight in 500 ml of 0.1 M potassium phosphate buffer (pH 6.8) containing 1 mM EDTA at 30 C, and the reaction was stopped by adding 50 ml of 20% HCl. The reaction products were dissolved in 50 ml of methanol containing 0.1% trifluoroacetic acid (TFA) and were analyzed by HPLC according to Morita et al., (2000) .
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